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ABSTRACT 


The M.I.T. Rockefeller Generator was used as a souree 
ef protons for a study of the p,n reaction on oa” and .. 
A 148 Kev chlorine target and a 5,0 Kev seandium terget 
wereused. The Rockefeller Generator was equipped with a 
proton magnetic moment resonance field control for measuring 
ang contrelling the proton energies. A long counter was used 
for neutron detection, the yielé@ of which showed a number of 
maxima. The proton kinetic energies at whieh these maxima 
eceur are tabulated, but are not corrected for the effects 
due to the thickness end possible surfece contamination of 
the targets, end motion of the center of mass. These val-~ 
ues when corrected and combined with the binding energies 
of a proton in the compound nuclei give the energy levels 


in the compound nuolei. Jmnergy level spacings, obtained 
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from the saperetion of the peske in the yield curve are 

Chloring was loveutigetad frum 1.559 Wer to 25510 mew, 
The observed threshold of 1.641 + .002 “ev led to = 4 value 
Of 15598 = 4002 Bev and « anes diftercnes rex 47? ~ oi” 
«Of 6000076 + .000005 ama, The averngs enerey level upectne 
tn £98 wom 651 Keve 

Seandium wma lnveaticgated fran 2.760 sey to 3.120 un, 
The obesrved threabuld of 2,913 + 003 Wev led to » | walue 
Of 2,050 + 5003 Mev Bnd e mans differen cov yi>5 ~ mq? 
© OSE ¢ SS om Ts eversege level specing in 
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During the nineteenth century, a great deal of work 
wes done on optical spestra end atomic energy levels, From 
this grew our present day quantum mechanical pieture of 
atomic and molecular structure, The present work on nuclear 
energy levels is expected to lead to a sinilar improvement 
in our knowledge of nuclear structure. 

One method of observing nuclear energy levels is by 


means of the (p,n) reaction: 


(zea)*"* +p gh —» gant +mey 

It is experimentally known thet the neutron ylelds from 
(p,n) reactions exhibit mexima at certain energies of the 
bombarding protons, The BreiteWigner theory attempts to 
explain this as a resonance phenomencn. Yhen the kinetic 
energy of the proton (Ep) approaches oertain critical vale 
ues, the total energy of the initial state (target nucleus 
plus proton) corresponds to the onergy levals of the scom= 
pound nucleus. However, the proton kinetic energies at 
which maxima in the neutron yields occur differ from these 
critical values beoause of the thickness and possible sure 
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face contamination of the target, the displacement of the 
peak due to the effect of neiehboring peaks, and motion of 
the center of mass, By making corrections for these effeots, 
and knowing the binding energy of the proton, the observed 
proton energies of the maxima lead to energy isvels of the 


eampound nucleus, (see diagram) 


INITIAL STATE INTERMEDIATE FINAL STATE 
STATE 
TARGET NUCLEUS COMPOUND RESIDUAL NUCLEUS 
PLUS PROTON NUCLEUS PLUS NEUTRON 
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Although a number of other reactions give the same 
results, the (p,n) reaetion was used for the following reseq 
sons, The Rockefeller gsnerator provides a convenient 
sources of pretona of geod energy resolution, The product 
perticles, neutrons, are easily deteots<d,. Sinee they ara 
uncharged, they have a long renge and panetrete the saxgrte 
Which stops all cf the bombarding protons, Thus the sea~ 
sured yield is all due to the neutrons ag none of the pro~ 
tons get to the counter, 

Fravious work has been done on energy levala in light 
muclel using the (p,n) reaction. A summary cf thie work is 
given by Richerds et 21 (Ril). The (p,n) reaction in man- 
geanese has been studied by MeCue and Preston (11), and in 
seendium and vanadium by Baker, Howell, Goodmen ent Frestoan 
(Bl, B2). The latter used the MoIeT. Rockefeller generator, 
but a proton resonances syetem which oontrola the magnetic 
field has been installed subsequently, This allows aueh 
better resolution of the proton energy, whieh together with 
the use of thinner targets, results in much better resolue 
tion of the peaks in seandiun, 

The threshold energies of chlorins and scandium ure 
lew enough (1.6 and 2.9 Mev respeetively) to permit the 
use of the Rockefeller generator, Although these are no- 
derately heavy nuolei, their coulomd barriers (5.3 ev for 
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chlorins and 6.1 Mey for seandiwa) are low anough so that 
gutisfastory yields could be obtained, Tha level spaoliuga 
of the ecompound nuelei are suffieiens to permit the obeere 
vation of a falr nuabar of levais under tha eomlitiona of 
this axperinent, and targets of these elaments are fairly 
@asy to prepares from readiiy avallable wmaterinis. 
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General: The Roskefeller generator (71, 71) 48 an 
electrostatic generator whieh hes been adapted as a pro» 
ten accelerator, The protons of desired energy were bent 
through 90° by a magnetic field. They then struck the 
terget, whieh was composed of a leyar of the dasired sle-~ 
ment on a tantulwa backing. The resulting neutrons were 
then detected by a BF, proportional counter, surrounded 
by pereffin, After amplification, tha pulses were counted 
on a scaler. 

Froton Snerey: The proton energy wae determined from 
the intensity of the megnetio fleld, messured by the "pree 
ton resonance methoé,” whieh is éeseribed by Hadden (1:3). 
The fundementel non-reletiviatic squetions dealing with this 
measurement sre given below. 

The expression for the force on a charged partiole 
moving in a magnetic field is: 


. ¢ ms goss of proton 

vo” ox v = velooity of proton 
22 “ = | 

Ze env" = Su (==) g « kip” radius of curvature 

Be magnetic field 

c= velocity of light 


E = k'B* 
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The expression for the 
torgue exerted by a nage 
netic field on a body of 
magnetic moment 4 is: 


T «= Basing 
alsos 
T = oy a £.. sin O (2nf) 
os y 
yB = 2nf 


te kf” 
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Gharge on electron 

energy of proton 

torque 

naguetic mowent of proton 


angle between « (or I) 
and B 


angular momentum of pro- 
ton 


frequency of precession 
of proton in megnetico 
Tiela 


gyromeagnetic ratio of a 
proton =_# 
L 


proton anguler momentum 
constant 


constant 


Therefore, the energy of the protons is preporticaal to 


the square of the frequency, which 18 measured with a free 


quency meter. 


For the determination of the proportionality 


Constant ,k, which relates proton energy tc frequency, the 


ua! threshold (Eo «= 1,8622 Mev as measured by Herd (Hl, 


H2) ) wes used. 


f£, = 10.485 me. Therefore, 
2 
Eo = kf, 


The frequency corresponding to this Eo is 


2 | 2 
k = E,/f, * 25 -Fes) 2 = 0.017121 Moev/(me) 
= 17,121 kev/(mo)* 
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This value of k was used in the present work, Substential 
ehanges in k result from readjustments of the proton reso- 
nanee apperatus. In addition, there are ainor variations 
in kK az discussed below, 

The eceurecy of the measured value of the enerey of 
the bean is limited beeause of the following: 

lo <A possible variation of the value of k with energy. 
This has been stucied by Fraston and Stelson (71) using the 
mans l ond 2 beemp on a (p,y) resonance in aluminua at 993 
Key, The error was found te be lesa than 1 part in 3,000 
in the ebsolute value of thse beam energy. 

2. The frequency ean be neasured to 1 part in 100,000, 
ana sinee the energy is proportione, to the squere of the 
frequency, this causes an error of 2 parts in 100,900 in 
the value of the beam enercy. 

3. The width of the beemeGefining slita could pere 
mit a meximum error cf 15 parts in 10,000 in the beam ener- 
ey, for 40 mil slits, end 7.5 parts in 10,000 for 20 mil 
slita, The actuel error {9 probably less than half of 
these, This wos determined by Preston and Stelson (?P1l)e 

ho The velue of k is dotermined from the (p,n) 
threshold of 4” (Hl, H2), and this causes an error of 
1 pert in 1000 in the beam energy because of the uncere 
teinty in the 14’ threshold, 
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5e A Grift in the velue cf E sines the last callie 
bration, using the 11” 
1 part in 2000 iu the beem ouergy, The reason for this 
Grift is unknown. 

6 The use of the non-rolativietio scustion intro} 


threshold, oay sceuse an error of 


G@uees an errer, The calibration is much thet this error 
ia zero 6% B,. According to Preston (12) the error is ebout 
Lo? Key at a proton energy of 3.1 Mev (tha hivhest energy 
used), and is lees for lowar energies. 

in adaltion to the above, which sauss an uncertainty 
in the beam energy prior to striking the target, the thicke 
Bees and surface contamination of the target cause a further 
uneertainty in the energy of the reasting trotons, Seecanse 
of the cara used in thse preperetion and use of the targste, 
end the ability to reproduce Gates, 1% was sssumed that sure 
Taee contamination woe negligible, «nd 414 net wutlé up during 
the experiment. Tlie upper init to thse target thickness, 
diseuseed in a lever seation, sets an upyer limit to the 
unmcerteinty in the enercy of the protons due to this cause. 
Gonsidering ell of these factors, it is eatimated that the 
values of the proton energies, relative to Herb's maasured 
value of the id’ (p,n) threshold, are accurate to within 


Oolhe 
The long counter used to detect 
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neutrons consisted of on enrichad oF, 
rounded by pareffin, aimiler to thut cdesacribsad by Hengen 
and Meaibben (14). The paraffin cylinder was &" in diameter 


counter tube, suze 


enc 10" in length, and wes surrounded by cacdnium Thig 
counter differed from that of Mengen ond Lehibben in that 
mo nNOles ware provided in the faes ef the pereffin, The 


gounter tube hed ths following speeifleetione: 


GCatelde cianeter a” 

Vall Thishness Oo 042° of brass 

ACtive volume Lo" in Length 

Canter Virs 2m.i1 tungeten 

ae zeefensa ings 
3 

Operating voltages 2200 volts 


The long counter was mounted with the axie of the cylinder 
perpendiouler to the direotion of the proton beam as show 
in the sketeh below, It was used in this position in order 
to sudtend as large a soiid angle es possible, Since the 
neutrons may be omitted anisentropioally in the senter of 
mass system, this arrangement reduced the possibility of 
not detecting peake in the yield eurvea beouuse of the 
anguler Gistribution of the emitted neutrons. rt was 


checéed at the start and finieh of each indivicual run 
with a standard Kae neutron soures. 
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The data on the other instruments used ere: 

Preamplifier: Laboratory for Nuclear Solence and Engineer- 

ing, M.I.T., Model 100, 

Amplifier: Laboratory for Nuclear Selence end Engineering, 
MeIeTe, Model 100. The preamplifier end ampli- 
fier are discussed fully in Elmore ond Sands 
(21). The emplifier hed a gain of 10,000, a 
rise time of 0.5 micro seconds, end a clipping 
time of 2 micro seconds, 

Sealers Atomic Instrument Co, Model 105, Resolving time <-- 

§ micro seconds, 








Regulated Uigh Voltage Supply: MeleT.e Servo labo, Elec 
tronic Nuclear Inatrument Project. Elec 
tronioaily stabilized, 

Frequency deter: General Redio Co. Model 271. 160 ke == 
15 M@e> 

The emplifier, preamplifier, and high voltage supply 
were run from a voltage réegsulsting transformer with a sine 


wave out pute. 
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The seendium tergets were made from 56204 prepared 
vy Johneoon and Melthay end Coo, Lid, of London, Th was 
ovieined from the dJaxrrell Ash Co. of Boston, Meseachusetts. 
Tie oxide was certified "apectrographically stenderdized,* 
Baird Assoolates of Cambridgas, Hessachueetta oide the tare 
geta using the method developed by Baker and Howell (22), 
The scandium targets vere not thicker then 5 Zev, This 
upper Limit was determined from thea width of the nerrowest 
peak meagured at half lta meximum amplitude. <A target used 
by Baker 66 a] was avalleble, but climost no yield of neutrons 
wasn obteined from this target. Apperantiy the targets de- 
teriorate over a period of tine, so thet targets used in 
this work were mce very shortly before being used, Detween 
runs they were stored in a vaewwm to minimize any contanine 
ation or oxidation, While being bombarded with protons, 
the targets were continucusly cooled by a stream of air to 
reduce evaporation of the seandium, In order to ensure thet 
ho changes took pleee in the tarcet curing @ run, @ measure~ 
ment of the same peek wee mede at the start and finish of 
eaoh indiviéuel run. Using these mathods, no diffieulties 
were encountered with tha targets. 
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Joknson onf Withey end Oo Lid, of London, Te ms 
| 4 from the Serrgll seh Op. of Boston, wmesachneetts, 
ie  hpaicings ess eeriregerets ond wus certisies 
as pore ps y mtomdewdized," Lines of silver, eop- 
‘nad auiRoaiins elke Sieh Kites tiues of chlicium 
| Vary Ceiwbiy vieible. iron uml wilieen lines were de» 
¢, but wore Sainter Ghon thowe aeen aeiug ploin clee- 
broees, #0 their presente is doustrul, ‘The ebovw ia fram the 
“Peport on tuo NaC) iaoued oy the Joineon aad Wlsbay Gos 
Mirg scsociotee of Gumbridge, Mesactnactts mae 
ss the ondoriue tergats, using the metiot deserived ay Gabey 
a Tipwall (G2) fo» the preperotion of ranndiun bergets. 
he tireenold energies of Me (62) and 62°? (63) were wel 
@bove tim euergies used, wo that they did mot ent@r into the 
: Peaction. The tarcrt used for the svergy level aeseureeevts 
in the chlorine work was sot thicker tham 1.0 lev. The ter- 
(Ob eed heer threshold wes not thicker then 4.3 Kev, it 
Plret, Gffiourty woe experianced with the chlorLas texscete 
Gheteicg (uring ¢ fun, “hen checking © pede wt She and of 
& Tun, ite cezimue ORpliteds weulé be ene less Chon it bed 
bean et bhe otert of the pun, Sowever, by cee@plig Me Gaen 
Currert telew 3 alerp amperes, and uaitne « apeuy of cooling 
Miter co thw target, 10 od@ition vo taking the preonubions 
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deseribed for the seandium torgots, thie difficulty wes 
OVGET COME» 

It was assumed thet effects Cue to surface contanine 
ations on the chlorine and seandium tergets were negligible, 
Thia assumption is based on ths method used to anke the tare 
gets, the fact that they were stored in vacuum in between 
rune, and the ability to reproduce data, 


“ale 


ae Vilee(Vilh ale! .efequné anthewwes ads a1 bed '1pead 
eRe ove 

Ue res AON Co Ge edme le sate barwene nae IT 
eld lettetd ofmw efe leit antiomew som et) WELhO OT 1 Ge ite 
We? als tee Of BOM dolce ec am Ones of usaqueeee 614% 
Gecwied of Bel’ 6) Semede eve Yet? 2287 sen7 ads ,bteg 
fas mombouyes OF UWililse eld OOO . eT 














gu’ (p aja?” Ths neutron yield from thse chlorine 


target was measured over sn snergy renge from 1.550 Mev 
to 2,510 Mer. 

Prom 1.550 Mev te 1.641 Mev, the neutron yield obe 
served was constant at a background of 0.1, As the po= 
ton energy was inorsesed, the neutron yield saterted to 
increase, This inersase ocevred just above the threshold 
of the reaction, Fisure 1 shows a plot af the reaults 
near the thresheld, from 1.630 Mev tc 1.700 Mev. The ree 
gion from 1.550 Mev to 1.630 Mev is not shown in this fige~ 
gure, since the yield was a constant as previously nen. 
tioned, The threshold” for the reaction was taken as the 
energy et which the rise in the yield curve satartec, or a 
value of 1.641 + 0.002 Mev. This srrer is due to the 0.14 
uncertainty in the proton energy, as previously discussed, 
This value agreas very closely with 1.640 + 0.004 Mev as 
measured by Richards et al (R1). 





1, For neutrons emitted at 0° with respsct to the dire 
eetion of incident protons, 
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Figure 2 


N2UTRON YIELD From cl?” (p,n)a?? 
NEAT THRESHOLD 
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NEUTRON YIELD FROM 
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027" (p,n)a2” threshold = 1641 4 2 Kev 


~ © Qoagtee (164 = 2) ~ 1598 2 2 Kev 


= 0.001716 + 0,000002 amu 


2 a? « 0137) 2 9 = (mp) 


(a57 ~ 0237) = 0.002716 + 0.000002 = (0.000840 + 0.000005) 
= 0.000876 + 0.000005 anu 


Mase differance 





The beokground wise determined by measuring the counting 
rete obtained when a pure tantalum target was used. It is 
shown on Figura 1, The experimental polats ere shown by 
the oireles, The mugnitude of the probable error in these 
points ia indicated slong the axis of ordinates, 

Figure 2 ahows o plot of the resulte from 1,670 Mev 
to 2.510 Mov. Tha beokground waa omitted from this eurve 
because it was negligible. The probable error at high 
yielde is indicated, but et low yields it is too small to 
ve shown, For the sake of olarity, the experimental points 
are not indicated on Figure 2, 

Figure 3, the region from 2,375 Mev to 2.510 Mev, 
plotted to a iurger scale, shows experimental points. The 
probable error of these pointe ia leas than the size of the 
elrolesa indicating the polnta, This plot ia included to 





2. The effect of the electron binding energics was neglected 
az they were of the order of electron volts, whereas the 
uneerteinty in the value of 2 is of the order of Kev. 
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show the spacing of the pointe, and is typioal of the ene 
tire energy rogion Lnvestigated. 

Table 1 lists ell of the peaks in the neutron yield, 
The narrowest peak found, «t 1.639 Mev, hed a width of 1.6 
Kev at half its maximum amplitude, This width was due to 
the snergey spreac, tha target thickness, and the aetual 
width of the level, Thus this value of 1.8 Kev sets an 
upper limit to the tarest thickness, Tho terget thickness, 
measured in Kev, deorenses with incrasaing anergy. If the 
energy spread remainge constant, the greater width of other 


peake would be due to an sotuscl] inermasaea in tha width of 


the levals. 
So” (pan) zi": From 2.760 Mev to 26913 wev, the yield 


from the seendium terget was practioaily constent, varying 
from 2.3 to 3,0 + 0,07, At 2.913 Mev the yield rose sherply, 
inédleating that the threshold? for the reaction is et 2.913 
2 0.003 Mev. This agrees fairly well with the value of 

2085 wev obtained by Tesohek (Tl). <A plot of the results 


from 2.294 Mev to 30126 Mev is shown in Figure 4. 
se*5(p,n)Ta*? threshold = 2913 + 3 Kev 





- (> 2 


oe (2913 + 3) = 2650 4 3 Kev 
» 0,003061 « 0.000003 ama 





3. Yor neutrons amitted at 0° with respect to direotion 
of inoident protons. 
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TABLE 1 


RESONANCE PEAKS IN WEUTRON Yroup.mrow 62?" (p,n)a?” 
Error in E+ 0.1%, relative to Li’(p,n) threshold 


Width at Seperation 










Frequency of Energy of <a 


Ma! 





pf Se 2 


Thiok target - near threshold: 


90 G00 Le bik Le3 
92831 146655 Le3 
9.860 1.666 005 * 
GoE71 1.669 Ook 9 
90897 1.678 0.25 i, 
9910 1,682 1.5 4, 
9o922 1,686 503 6 
90939 1.692 11.3 
Thin target ~ entire range! 
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Freguency of Energy of 
DENK ~— Ge DSSK ~ Ney 


102050 
19.064 
10.084 
16.099 
102115 
10.126 
10,151 
16,177 
10.192 
102213 
10. 22h 
10.243 
10,267 
10.263 
10,293 
10. 307 
10.313 
10. 348 
10. 355 
10. 363 
10. 383 


TABLE 1 (eontinued) 
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1.73% 
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1.639 
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Amplitude 
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TABLE 1 (continued) 


Frequency of snerey ~ ———- hel? mae + 
- ak « ~ KS¥o peak = Kev, 
10.389 1.848 Te2 2 
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10.578 1.916 300 3 
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10.640 Le 938 Jed ky 
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TABLS 1 (eontinued) 













Frequency of Energy of Amplitude pelt x ~~ 
pts LON JOR 15 2, Doi w i.OV¥o PSA + KOVe | 

10.649 Le 942 4920 203 5 
10. 664, 1. 947 1505 & 
10.685 10955 bed 2 
10.691 10957 82 4 
10.701 1. 961 10.2 4, 
10.714 1,965 2509 29 11 
10.742 1.976 11.6 2 
10.756 1. 9€1 2765 6 
10.772 Le 987 6765 bee 4, 
10. 7&4 1.991 2360 6 
10.600 1.997 720 & 
10.810 2,001 11.5 303 10 
10.838 2.011 905 Beh 8 
10.85& 2,019 20.5 302 

10.881 20027 4? 05 Lod 16 
10.923 22043 2640 3 
10.932 2016 Myed 6 
10s 9hE 2.052 1705 be 3 de 
10.960 20064 1320 309 13 
11,013 20077 305 3 
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TABLF 1 (continued) 


Width at Seperation 
next 


Frequency of nergy of Amplitude my mageg c 
11.026 20082 705 3 
112034 26085 10.0 5 
11.048 20090 21.0 ? 
11,061 20095 4909 Lots 1i 
11.090 2 106 605 7 
11.110 20113 2305 Jol 
11.141 20125 3505 be} 2 
11.154 2e 130 3105 6 
11.170 20136 11.0 
11.199 Zo 1h7 £05 3 
11.206 20150 head be? 

11,233 20160 Fe2 7 
11.250 2167 17.0 ek ? 
11,268 Rol, 9o5 5d. 7 
11.286 2eLE1 6.5 y) 
11. 300 20186 Fea fe 
11, 310 2190 2905 305 20 
11. 362 2e210 36.0 302 6 
11. 375 20216 L405 ? 
11. 394, 20223 5&0 Sel y 
11.406 20228 LO 5 10 
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TAELE 1 (continued) 


Width at Separation 
Freyuency of Fnergy of - | hell mux. from next 
peek ~ mec peek ~ Ms : 





ek ~ May of pank ~ Kevyn o- 
126433 2235 O90 hob 12 
LL kGOh 2.250 1000 ? 
11.422 2ekS7 321.0 L, 
11,491 2e261 7005 hol 6 
11.506 20267 1305 12 
11.537 2—n79 2065 509 3 
11.559 Ze REE 3400 Fok 5 
11.572 20293 6.0 6 
11.586 29299 11,0 3 
11.595 Ze 302 19.06 5 
11,608 20 307 2665 bob 7 
11.624 Ro 31h 2300 205 6 
11,639 Ze 320 16.0 5 
11.652 Ze 325 3405 5 
11.665 Zo 330 2665 11 
11.692 Zo WL hod 3 
11,700 Re 34d, 40 6 
13.715 2e 350 1005 4e3 + 
11.726 20 35% 500 4 
110734 Re 358 6.9 rs 
11.745 20362 85 bye a 











FEE EELLEEEEECEELELEE 


QeeedPEDERRESSHE TERRE 
TPPRRESESRRSSSOEESE LEE 








lt = 
{xommtiemeo) J AGeT 





ee Leeaa 


Phe nate vec w tare tw essee 


TARIZ 1 (continued) 





width at Seperation 
MPquuanay ef orvabed = oa — = fx om _ 
Lie 757 2¢ 7 905 208 3 
ike 77S 22572 Lied 7 
Lies 777 ae 375 309 3 
114785 20 3758 27 05 « 
11.729 ee 3&6 2620 4 
1. G00 Ze 354 2505 ~ 
11,810 eo 388 Lie 5 3 
11,217 Lo 39h GoGo 4, 
11,827 20 395 16.5 6 
12.641 20401 2609 7 
11.659 2ehO8 1909 by 
11.668 2eli2 2205 309 ? 
12. 580 Rohl? 10.6 3 
12.292 Reker 909 4 
12.902 20426 Sed 2 
12.908 2oh28 500 8 
121,926 261,36 h5ed 306 ’ 
11. 950 Rehbd 3306 309 6 
11,963 20451 10.5 > 
11.976 20456 20.5 305 7 
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fanty 1 (continusd) 


Width at Saparation 





Preguanay of Snaray of Amplituds half mex, from next 
11,992 25h63 2840 5 
12,004, Re hOB 305 13 
12,938 2h EL 490 363 10 
12,061 ZohGl 19.5 5 
12,072 20h% 3%45 303 3 
12.989 2ohF9 19.0 9 
12,102 22508 5700 308 “ 
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42. ne) ze 3 = (n=p) 


Hass Difference” (TL (33) 
33 
= (G.003061+ 0.000003) - (0.000240 - 6.000005) 


= 0,00Z2221 + 0.000006 amu 





The background was not measured over the energy range 
covered, because of changes mode on the eenerctor before 
this coulé be Gone. However, the background in the region 
of 2.5 Mev was measured, end wos substantially the same as 
the yield obteined below threshold. Ths experimental 
points are shown by circles, The megnitude of the probable 
error in these points ia indicated along the axis of ore 
dinates, The experimental points are connected by straight 
lines, for reasons discussed below. 

Table 2 lists ail of the peaks in the neutron yield, 
The nerroweat pesk found, at 2.929 Mev hed e width of 5 
Kev at half its meximum amplitude, This sets an upper 
limit of 5 Kev to ths terget thickness. The resolution of 
the peaks was not considered good enough to justify fairing 
in a smooth curve through the experimental points, Theree 
fore, the points were connected by straight lines to avoid 
obscuring any details, It is believed that better resolue 
tien eould be obtained by the use of « thinner target, as 


in the ohlorine experinsnt. 





he See footnote 2 on page 18, 
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TABIE 2 L5 45 
RESONANCE THRLKS IM WRVTROW YIELD PROM So °° (p,n)T4 
Error in = + 0.1%, reletive to Li’(p,n) threshold 


Width at Separation 
half maxe from next 


a 







Frequeney of Energy of Amplitude 
Seca ow ia cic 1 if of peak 


es 





132050 
130659 
132078 
13.096 
132116 
13-1282 
130146 
13.159 
132176 
13.186 
132198 
132210 
130215 
130228 
13.246 
130259 
130272 
136279 
132295 
13.310 


20916 
20920 
2oGhF 
20937 
20 946 
20 PB 
20959 
26 96k 
20973 
20978 
20983 
20988 
20992 
20996 
30004, 
30010 
30016 
3,019 
30027 
32034 


Gok 
4ad 
&.0 
748 
76 
Fol 
707 
1920 
10.1 
1260 
ll.2 
12.6 
10.68 
1300 
9e2 
Gee 
10.3 
LE et; 
11.7 
1,05 


4o6 
507 


Dod 


6.6 


m 
9 
g 
9 
2 

1 
2 
g 
2 
5 
’ 
i 
b 
g 
6 
6 
4 
» 
7 
3 





Frequency of 


130 322 
130332 
130 Ihe 
130 358 
13370 
13.378 
13390 
130404 
134420 
130435 
13 0h dE 
13.462 
13.468 
130478 
13098 
13.508 


TARE 2 (continued) 


Energy of 
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30039 
30044 
30052 
30055 
30062 
30064 
30070 
300797 
30084 
32092 
30097 
30103 
34106 
30109 
32120 
30125 


Be 36 ee 


fmplituce 


12,6 
L304 
1109 
12.2 
1,07 
1903 
16.0 
L305 
Live® 
1503 
1305 
1506 
LE.é 
15.0 
Lieb 
hed 


Width at 
half MAX, 


Seperation 
from next 
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General: whe yielc of neutrons was measured through= 
out, not aga counts pex second, but as counts per misro coue 
lomb of the proton beam ac determined from « beam current 
integrator, In this wey ths counting rate wes normalized 
ageinst any fluctuetions in the beam current. Sinee no 
correction was made to the counting rate for the efficiency 
of the long counter, the yield will be distorted at low 
ueutron enercica just above tha threshold. 

The maximum counting rate obtained during either ex~ 
periment was 14,000 counts pex 200 micre eeulombs. This 
eorresponis to 3 micro amperes striking the target for 67 
gseoonds. Thus tie maximum counting rete was less than 250 
eounts per second, with an averege tins between pulses of 
mose than 4,000 maiero seconds, The scaler had a resolving 
time of 5 micro seconds, the amplifier o rise tine of 0.5 
miero seoonds and a clipping time of 2 micro seconds. Since 
thesa times were vary much less than 4,000 micro seconcs, 
no corrections wers necessary in the counting rates, 

Figures 5 and 6 show the reproducibility of saveral 
peaks, with measurements taken at different times. In 
order to insure thet there had been no anpreolable change 
fn target thickness, build up of surface contaminants, or 
changes in the overell oreration of the mecsuring equip- 
ment due to unknown causes, the seme peak was measured et 
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REPRODUCIBILITY OF PEAKS 
6£37( pn) 37 





30 March A.M. 
30 March P.M. 
31 Morch A.M. 
31 March PM. 






oO x @ @ 







I 






x 30 March 
O 2 April 






Oo 30 March 
x 2 April 





60 10.780 10.640 60 11.910 30 
FREQUENCY - mc. 
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YIELD 
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REPRODUCIBILITY DATA 
Sc45( p n) Ti45 


Taken upon completion 
of run 

Taken halfway through 
run 


Token initially 


I | 
* | 
. Xx 
| xX 
2 | X 
‘ | 
I . : 
x 
| 
| 
2 | 
5 | 
ad | 
| | 
I @ ) 
gon | 
| 
: | X Taken halfway 
| through run 
| © Taken initially 
a | 
| 
| 
| 
| 
| 
| 
| 


13.150 I3Z.18O 13.270 13.300 
FREQUENCY - mc. 


» h2« 


the start ond finish of each separate run. It san de seen 
thet the emplitudes and positions of the maxima vary slight= 
ly, but the verietion in position is much lesa than the 0.1% 
mentioned on peze © The terget thickness 41d not change 
apprectably. 
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(p,n) Be’ resetion is often used ea a neutron source, Howe 
ever, there are two disadvantages to the use of these neue 
trons in some experiments. The lowest energy neutrons obe 
teinable, in the forward direction, just at the threshold, 
are 29 Kev. In eddition, there is a large variation of 
neutron energy with angle of emission in the laboratory eo- 
ordinates. For example, at ea proton energy of 2.0 Mev, the 
neutron energy at 0° is 228 Kev, while the energy at 180° 
is 15 Kev. Willerd (1) tabulates the neutron energies at 
different angles for a wide range of proton onergles. 

Sines both of these effeots are caused by the motion 
of the compound nucleus, 4 heavier terget nucleus would 
provide lower energy neutrons in the rorward direotion at 
the threshold, and also leas variation in neutron energy 
with angle at all energies, 

The following expression for the energy of the neutrons 
from the se”? (pn) ra"? reaction is derived from the laws of 
conservation of mass-energy and momentum: 


22 ad cos O + Ub * 2282 my + ag a|? 
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z = neutron energy in Kev. 
'p = proton energy in Kev. 
GO = angle of emission of neutrons with respect to 


direction of incident proton, in laboratory 
coordinetss, 


Q «2650 Key (se08 page 23.4 


Prom this expression, the energy of the neutrons 
emerging at threshold (Ep = 26913 Mev), ( O = 0), is led 
Key. One of the largest neutron yields wes obteined with 
& proton energy of 2.964 Mev. The energy of these neutrons 


at various angles is given below: 


@ 9° 90° 180° 
Ey 67.8 Kev 53.4 Kev 3405 Kev 


Thua, it is seen that neutrons from soandium ean be 
obtained at energies as low as 1,4 Kev, Gompered to the 
minimum energy of 29 Kev from lithium, For any given ener- 
ey, neutrons are evallable from soendium which have less 
variation in energy with angle than those obtained from 
lithium Sinee the absolute yield of neutrons from sean- 
dium was not determined in this experiment, it is not Known 
whether this reaction could be used ag a neutron source in 
work requiring a high flux, 

Tasohek and Henmendinger (T2) measured the absolute 
yield of the a7 (p,n) Be’ reaction, This required a knowe 
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ledge of the actual target thickness, which wes obteinsd 
from the “geometric peak." Sinee seandium is heavier, it 
is impractical to measure the "geometric peek," and the 
target thickness must be determined by other means, The 
upper limit to the target thickness, discussed previously, 
includes tie eotual target thickness, the spread in energy 
of the protons, and the eetual width of the energy level. 

If one of the peaks were remeasured using a much 
thinner target, and hed a considerably narrower width, then 
the actual target thiokness of the original target would be 
known to within the width of the thinner target. Thus, if 
the thioker target had « peak of 5 Kev width, and this bet, 
when remeasured with a thinner target, had a width of 1 Kev, 
then the original target thickness would be 5 + 1 Kev. 

A Geterminetion of the yield relative to lithium also 
requires a knowledges of the eotual target thickness, How- 
ever, it is estimated that the neutron yield from scandium 
is many times less than that obtained from lithium. This 
estimate is based on an experimental knowledge of the coun- 
ting rates from the two reactions for different counter 
geonetries. 

Energy Leveis: in the p,n reeotion, a proton of an- 
euler momentum a , and spin i a 4 » bombards a target 
nucleus of spin I. The veotor channel spin 3 = it I 0ome= 


bines with the veotor angular momentum of the proton €, 
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to give the spin Fe e+ £ of the compound nucleus, Sinoe 
@ proton has an intrinsic even parity, compound nuclal 
formed from even values of 2 , will have the sane perity 
ag the terget nucleuss whereas thoes formed from odd values 
of € will have the opposite parity. Wethematicelly, off- 
eenter collisions ( 2>0 ) ean be treated in terms of dead 
center collisions, (f= 0), by adding « fictitious "eentri- 
fugal berrier" term whieh increases repidiy with 2 . For 
the energies used in this experiment, it wie essumed thet 
the "centrifugel barrier" for L >| wae s0 lerge thet the 
probability of forming the compound nucicus wes gmall. Thus, 
£ oan have the values of 0 or 1. The lawa of quantum me- 
ehanies permit the following values of 7: 
For £ = 0 Tuegnuit-~d or 1+ $, same parity as 
a target. 


For { » 1° a-1-3, Pe r- 3/2, 1-2, orr+$ 


s=1+4, Su T~3/2,1+5, or T+ 3/2 
opposite parity as target. 


Non-4dentical cuantum states of the compound nucleus 
correspond to different energy levels, If the states heaving 
the same value of J and 2, but different 8, are not identi- 
eal, there will be o separate energy level for each of the 
eight oonmbinations shown above. If thay ere identical, these 
eight ecombinsi ions result in six different energy levels. 


-\b- 


wats serene Qopereas ait WS + 5 ebca eee oie oP 
lela, hooeyme ell ike Cave Steere a2 Ae covets n 
Wyws wow pls ete) Lite g SW ad er Sete aoe? Aces 
coulaey Sip qoth Samet seuss senaewe geenlnad Semtel nit wr 
~The <cikapidomcnet .Tilnen eetaeaue ead ores Shae 5. te 
tame To Gent ad twinent mh mame | © < S| emadelilen seouey 
asapage? gupiétiel: « elie 10 +>) ,Ambedine ences 
om SN dade ginger seneertel cece eet “Colreet Lonel 
| teed amummay sow 41 ,hiteeinenint iA a smtw ve lacone 9ag 
ad 
eat thee gem eunjec bneagee «44 guleus® Bo yttlicudeny 
DM be 
a th & eamies seimdsnd 10) ddncey 4eceeto 


eee “Sete new ye te 


2stse Sete ee No 


stra g oP AVS Tee eree “ 
—_—* 


bt 
Beata a 


Forettetett hax 






















» bh? « 


By enelosy with spectrescony, thegs six or eight related 
enargy atates sre @eneidered ¢ multiplet, and exist for s 
given total quentue mumber, This total quantum number is 
noe dcfined, but is assumed to be anelesous with the orble 
tel quantus nurbker n in atomic theory, Prom this, 1{t 1a 
expected thet the aultiplet would be repeated ag n takea on 
Gifferent yoluca, 

On a single partiole model ef the nucleus, it cealé be 
supposed that, jJuat before the emission of a neutron, the 
eompeund mucleus could be represented by a weve function deo 
geribing the neutron moving in the foros field of the resi~ 
duel nucleus, This wave function would be choracterized by 
the exoitation energy enc the coupling cf the angular mo» 
mentum, € ° end the spin, i, of the neutron with the ree 
siduei nucleus. is the p,n reaction ia s revereible pro» 
¢ess, the compound nucleus suet have values cf J whieh oan 
be formed not only from e proton und the tergst, but algo 
from & newtron end the residual nucleus, If the spin ef 
the reaidval nuolevs were known, the other helf of the pro-= 
biem could be worked cout, emd these valuse of J common to 
both would be the ones ectueliy cbeerved, However, both 
of the residual nuclei of this experinenxt, rea end re at P 
heve unknown sping, ao thet the corrlete problem oennet be 
worked oute 

If the specing of the states of a multiplet were small 
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compared with the spacing between multiplets, groups of 
six or sight resonenoce leveis micht ba observed. Reever, 
there is a very good chance that states cf different nulti- 
plets overlap, and alee that the single particle pleture 
my not be velid. Preston (P3) diseusses the theory of the 
p,m reaction in detail, 

The se”? nucleus has a opin of 7/2 30 that the posste 
ble J velues of the 
gene perity, and 2, 3, & 3, &, 5, opposite parity. From 
Figure 4, it oan be seon that four of the peaks, at 296k, 
3019, 3064, and 3106 Kev, are much larger than eny of the 
other peaks, Also, each of these large necks hus a smaller 
peak just above it, and e much smaller pesk, or an indieae 
tion of one, just below it. This repeeting tripiet might 
indieate that each of the lerge peaks corresponds to a 


pound nucleus, og 6 would be 3 or by 





particular J velue being repeated for differant total quane 
tum numbers, Between the first two large peaks, there are 
nine other peaks: between the nezt two, there ere sevens 

and between the inst twe, six, The large peaks rre ocoouring 
closer together et the higher energies, indiesting that the 
multiplet mecing ic cecreesing. Thus, the observed number 

of peaks, twenty-five, if cssigned to three multiplets, agrees 
very closely with the theoretioal value of eight per multi-~ 
plet. Teble 3 shows the average energy level spacing of 
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qi®5 as observed from the yield eurve (Figure 4). 

The re ea nucleus has e spin of 3/2, so thet the posset- 
ble values of J of the compound nucleus, 49°, would be 1 or 
2, eume parity, and 0, 1, 2, 1, 2, G@ 3, opposite parity. 
The yield curve (Pligure 2) wea examined in an attempt to 
find a simller repeating pattern, Although there were many 
large peaks, none of them were conspicuously different from 
the remainder, as was the sess in seandium <A number of 
possible repeating patierns could be picked out from among 
all of the available peaks. One scheme, using a triplet 
similer to the one in seandium, geve izf peaks itn 14 oultie 
Plets. This coesn't agrees with the theoretical value too 
well, but 1t is fairly close, Table & shows the average 
energy level spacing of A3® paged on this scheme, The ine 
tervals were taken between the large senter pesks of the 
triplets. 

The proton energy for 2 peak in the yield eurve is 
known to an accuracy of 0.1%, relative to the maasured vale 
ue of the 1a’ (p,n)} threshold, as praviously disoussead. Tf 
these energies ware corrected for motion of tha cantar of 
oes, losa of anergy in the target, and displagersnt of the 
peek cue to the effect cf neighboring peakg, the enerey 
Levels of the compound nuclei oan be obtelned ty adding the 
proton binding exergy to the corrected proton kinetic ener- 
gies, The aversge energy level specing obtained from the 
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adifferences in the energies of the peaks in the yield curves 
will be accurate, since these corrections will oancel out, 
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